INTRODUCTION
the C-terminus in the periplasm. The validity of the proposed model is examined by a genetic approach which involves the construction of fusion proteins between reporter enzymes and GtrV. This study utilizes a newly developed dual reporter system consisting of alkaline phosphatase (phoA) which is inframe with the β-galactosidase α fragment (lacZα) (16, 17) . The signal sequence of PhoA can be replaced by export signals derived from other proteins such as GtrV, producing a chimeric protein which can be used to report cellular location according to the location of the protein domain under investigation (16) (17) (18) . Alkaline phosphatase (AP) is active only when located in the periplasm. This is based on the assumption that in the periplasm the mature part of PhoA is oxidized. The cysteine residues form disulfide bridges which enable the correct folding of PhoA. The enzyme becomes active after dimer formation is complete. The process of folding and assembly of PhoA occurs only after export to the periplasm because various factors prevent the formation of disulfide bonds in the cytoplasm (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . In contrast to AP, β-galactosidase (BG) is active in the cytoplasm. The enzyme is inactive in the periplasmic space since its proper folding is prevented by becoming trapped in the membrane crossing to the periplasm. Also α-complementation should occur only when the enzyme (lacZα) is accessible to cytoplasmic located ω-fragment (16) (17) (18) (19) 21, 24, 25) .
Thus fusions to periplasmic sites will be inactive while fusions to cytoplasmic domains will be active. Alexeyev et al (1999) have reported that by using this novel approach of PhoA/LacZ dual reporters, BG and AP activities can be measured at the same point simultaneously without resorting to genetic recombination to switch fusions (16, 17) . The Normalised by guest on November 6, 2017 http://www.jbc.org/ Downloaded from Activity Ratios (NAR) can correct for variable expression. Thus determination of protein synthesis rates are not necessary providing easily interpretable information about subcellualr localization of the reporter (16, 17) . Furthermore, α complementation is based upon the avaibility of ω− fragment which is solely confined to the cytoplasm and not the periplasm, rendering the enzyme inactive if located in the periplasm. In this way the formation of toxic aggregates in the periplasm is eliminated. Finally, the use of dual indicator plates in conjunction with these reporters discriminates b etween noninformative fusions (white), cytoplasmic fusions (red) and periplasmic fusions (blue or purple) (16, 17) .
In this paper, we report a topology model of GtrV based on analysis of data from computer prediction models and fusion constructs consisting of gtrV-phoA/lacZ and gtrVphoA/lacZ-gtrV sandwich fusions. The model suggests that GtrV consists of 9 transmembrane segments, and a large N-terminal periplasmic hydrophilic loop. The Nterminus is located in the cytoplasm while the C-terminus is located in the periplasm.
The model also reveals that GtrV contains, a unique reentrant loop after transmembrane segment IV. To the best of our knowledge, this is the first report showing the presence of a reentrant loop in bacterial glycosyl transferases.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All bacterial strains used in this study are derivatives of E. coli K-12. Their particular genotypes are described in Table 1 . The bacterial strains were grown aerobically at 37 o C in Luria broth (LB). LB agar plates were prepared as described previously (26) . Ampicillin (Amp) and chloramphenicol (Cm) were added to liquid and solid media at 100µg/ml and 30µg/ml, respectively. The PhoA and LacZ colony phenotypes were identified on agar plates containing: 1.5% Bacto-agar, 1% Bacto-tryptone, 0.5% yeast extract, 0.5% NaCl, 5-bromo-4-chloro-3-inolyl phosphate disodium salt (Sigma; X-phos 80µg/ml), 6-chloro-3-indolyl-β-D-galactoside (Research Organics Red-Gal; 100µg/ml), 1mM IPTG, 80mM K2HPO4 (pH 7.0) and Cm (30µg/ml).
Plasmids, primers, PCR, and sequencing. Plasmids used in this study are listed in (HMMTOP, PHDtopology, TMHMM, TMpred, and TopPred2) were used to predict the membrane topology of GtrV (37) . Also hydrophobicity profiles were generated using the method of Kyte and Doolitle, implementing a sliding window of 19 residues.
Cloning of gtrV and preparation for reporter gene fusions. The wild type gtrV gene was amplified from plasmid pNV323 using the primers gtrVFSacI and gtrVRXbaI (Table   2 ). Since these primers have the SacI and XbaI sites incorporated in them at the 5' end, it was possible to ligate the amplified fragment into pBC SK using the same sites which gave rise to pNV1077. The nested deletion method requires the presence of two unique restriction enzymes such as PstI and BamHI, allowing protection of the phoA/lacZ dual reporter and initiation of gtrV deletion by ExoIII, respectively. In order to use PstI as one of these enzymes, the PstI site in gtrV (1230bp) had to be mutated so that only one PstI would be left between gtrV and the dual reporter. This was done by site-directed mutagenesis (Stratagene) changing the PstI site to a SphI site using primers gtrV1230FSphI and gtV1230RSphI (Table 2) according to the manufacturer's protocol.
Functionality of the gtrV gene was checked by introducing the new plasmid pNV1081 into SFL1444. In brief, plasmid pNV1081 was introduced by electroporation into SFL1444 which is a derivative of SFL124 except that it carries pNV1060 (gtrA&gtrB).
Since the whole three gene cluster has to be present for complete serotype conversion, this allows functional examination of gtrV with gtrA and gtrB which are carried on another plasmid. Transformants were plated onto dual LB agar plates containing Cm (30µg/ml) and Amp (100µg/ml). Serotype conversion was tested by slide agglutination. This served as a negative control. Using a sterile loop both antigen and serum or saline drops were mixed. The glass slide was rocked and the mixtures observed for agglutination. Only agglutination that occurred within one minute was taken as positive.
The functional gtrV carried by pNV1081 was cut with EcoRV to permit ligation of the dual indicator phoA/lacZ which was isolated from pMA632 using the EcoRV and SmaI sites. This gave rise to pNV1090 (Figure 1 ). Table 2 . The presence of the desired mutation was checked by NruI digests and sequenced using gtrVFSacI and gtrV1780FSeq primers. The phoA/lacZ dual reporter was excised separately from pMA632 (2) using a combination of EcoRV-SmaI and StuI-NruI double digests. After ligation of the reporter insert to the desired construct carrying the NruI restriction site, the ligation mix was transformed in JM109 and then plated onto dual indicator plates. Coloured colonies were picked and checked for inserts using digests and double-stranded sequencing to confirm the correct orientation, site of fusion and maintenance of the correct reading frame.
Construction of gtrV
Assays of AP and BG activities. Overnight cultures of E. coli JM109 bearing fusion constructs and unfused plasmid (background control) were diluted 1:20 in fresh LB containing 30µg/ml Cm grown to A600~0.5, at which point cultures were induced with 1mM IPTG for one hour and activities assayed as described previously (38, 44) .
Background activities were subtracted from experimental data (16, 19, 39) .
RESULTS

Topology of S. flexneri
GtrV based on computational analysis. Protein sequence analysis was performed initially by using computer programs as indicated in the Materials and Methods. Two of the most commonly used programs are shown in Figure   2 . This includes Kyte-Doolittle and TMHMM which when applied to GtrV predict a topology that consists of 9 putative transmembrane segments with a large N-terminal periplasmic loop and the N-and C-termini being located in the cytoplasm and periplasm, respectively.
GtrV: gtrV -phoA/lacZ fusions. The nested deletion system as described by Sugiyama et al (1991) was used to create different length hybrid protein fusions between gtrV and the dual reporter phoA/LacZ (20) . In particular, Exonuclease III was used to progressively delete gtrV from the 3' end before ligating it back to the full dual reporter. Transformed cells were grown on media containing the chromogenic substrates Red-Gal and X-phos used by LacZ and PhoA, respectively. Coloration was produced due to in-frame fusion of the dual reporter to the truncated gtrV series of deletions. Red was produced due to LacZα being active in the cytoplasm and blue due to PhoA being active in the periplasm (16, 17) . Purple colonies were also produced when fusions were adjacent to transmembrane segments or periplasmic domains (16, 17) .
Fusions not carrying the dual reporter produced clear colonies on dual indicator plates while no in-frame reporter fusions appeared clear but prolonged incubation passed [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] hours produced red colonies that was probably a result of translational reinitiation in the vicinity of lacZα (16, 17) Table 3A . Those values with NAR (AP:BG) of greater than 2:1 (in the case of AP) or less than 1:2 (in the case of BG) indicate that 67% or more of the reporter activity is properly localized (16, 17) . Figure 3A Figure 3A and Table 3A . Results from sandwich fusions H149/NruI and Q178/NruI indicate that a transmembrane segment has to precede sandwich H149/NruI. This is weakly indicated by hydrophobicity data (Figure 2 ). Following this, and according to sandwich fusion Q178/NruI and charge distribution analysis, transmembrane segment IV ( Figure 3A) can be visualized as a reentrant loop (see discussion). Most residues in this segment are hydrophobic except residues in loops targeted by sandwich fusions Q178/NruI and R212/NruI. Figure 3B depicts the new topological model of GtrV which accounts for transmembrane segment IV from the previous model as a reentrant loop. The model introduces GtrV as a 9 tramsmembrane protein with the N-and C-terminus in the periplasm and cytoplasm, respectively, followed by a reentrant loop after segment IV, a novel feature in bacterial glucosyl transferases ( Figure 3B ).
DISCUSSION
Elucidation of the structure of membrane proteins such as GtrV and their orientation across the membrane is required in order to make predictions about their mechanism of action. The topology of GtrV was determined experimentally using a genetic approach involving construction of in-frame fusions between the gtrV gene and the dual reporter genes of lacZ and phoA. Although the technique employing two reporters individually has been used in the past to elucidate the topology of a number of membrane proteins, the use of a dual reporter system is novel (16, 17, 19, 20, 22, 23, 25, 40, (42) (43) (44) (45) (46) (47) (48) (49) (50) .
The 39 unique NAR values were used to correct for variable expression of the different fusions to provide interpretable data about reporter membrane localization. This allowed determination of the topology of GtrV consistsing of 9 transmembrane segments, a large N-terminal periplasmic loop, a unique reentrant loop after segment IV, followed by the N-terminal and C-terminal protein ends in the cytoplasm and periplasm, respectively. The quality gained using NAR values is directly related to the size and diversity of the set of fusions examined. In this analysis, choice of the second best reference point in calculating NAR values (data not shown) did not interfere with the true localization of the reporter thus indicating the stability and reliability of the data (16, 17) . For example, even fusions with NAR values greater than 3:1 and lower than 1:3 were used to show the correct localization of the reporter even when the next best reference point was used (16, 17) . In the case of sandwich fusions, a different reference point within this dataset had to be chosen since the activities of BG were remarkably lower than the activities recorded in the set of C-terminal fusions. This could relate to steric problems in which short α-fragments tethered by AP and the C-terminal part of the protein have to cause association of four bulky ω-fragments (16, 17) .
The first model ( Figure 3A) constructed by charge distribution data and hydropathy plots was in general agreement with the C-terminal fusion generated, although a couple of Sandwich fusions H149, Q178, R212 and S227/NruI indicated that the C-terminal fusion N140 did indeed belong in the periplasm pushing loop 4 into the cytoplasm ( Figure 3A) .
In order for the hydrophilic portion of loop 3 surrounding the N140 and H149/NruI sandwich fusions to be pushed in the periplasm, a transmembrane segment has to follow. previously been reported in eukaryotic glutamate transporters and bacterial potassium channel KcsA and also in glycerol and water channels (9, 14). In the latter two cases, the two loops depicted in these channels have an opposite orientation playing a major role in permeation. Furthermore, the relatively rigid structures serve as selectivity filters. In contrast to the pore loops of KcsA and the aquaporins, reentrant loop appears not to be fixed but to undergo conformational changes dependent on the presence of sodium. It is thought that these differences in pore-loops of channels and glutamate transporters relate to differences in the permeation of the two kinds (51) (52) (53) (54) (55) (56) (57) . Hydrophilic residues SGP located in the middle of this reentarant loop could make contact with the periplasmic side as shown in Figure 3B . This arrangement is also evident in the topological structure of GtrV (Fig 3) .
Fusions A40 and N140 were resolved by constructing sandwich fusions ( Figure 3A) . Table 3 .
α The genetic nomenclature is that described by Bachman (73 a Position of the last residue of GtrV followed by reporter. b, c Percentages of AP and BG activities of fusions measured relative to the maximum activity in the set. d Normalised AP:BG activity ratio (NAR) rounded to the nearest integer. e Location of the fusion point on the topological map of GtrV; p-periplasm, c-cytoplasm, t-transmembrane followed by a number indicating location of a particular segment. f Coloration of colony on dual indicator plates. 
